INTRODUCTION
The majority of conventional liquid level monitors in industry operate using a gamma-ray absorption technique. Gamma-rays with energies utilised in these machines are strongly absorbed by water/liquids. In a y -ray measurement a collimated beam is momentarily exposed to the container that is to be measured, with some of the beam below and some above the nominal liquid level. The y-rays are detected using a scintillation tube after passing through the container and its contents. Thus if more of the y -ray beam is absorbed by a higher liquid level. the counts drop, and vice-versa. The type of machine is in the main a pass/fail monitor -that is it passes a can if the liquid level is above a predetermined height, and rejects it if it is not. There are several problems associated with the use of y -ray based systems, most notably environmental considerations, the fact they are potentially hazardous and subject to strict legislation.
Ultrasonic measurements can be used in much the same way as y -rays to determine if a liquid is up to or below a certain level. The ultrasound is generated at a fixed height, just below the nominal liquid level and the transmission through the liquid is measured as shown schematically in figure 1. Like the y -ray techniques the measurement is susceptible to small errors in amplitude measurement in the area between pass/fail. Thus such machines would be set with a safety margin to allow for slight variations in detected ultrasonic amplitude. Such ultrasonic (and y -ray) measurements will be prone to variations in the signal amplitude as there is no sudden cross-over between signal and no-signal.
EXPERIMENTAL METHOD AND BACKGROUND
The most reliable ultrasonic measurement that can be made is generally obtained from a measurement in the time domain, rather than a measurement in the amplitude domain. The most obvious method of ultrasonically monitoring liquid level in a container is to position the ultrasonic probe on the bottom of the container as shown in figure 2. The transit time for ultrasound to travel from the top of the liquid to the bottom of the liquid can be measured and if the velocity in the liquid is known, the liquid level can be calculated. The only way to couple piezoeletric probes is to use water jets. For accurate measurements the ultrasound needs to be generated and detected at the centre of the base of the container. The ultrasound takes a finite time to travel through the liquid and the container should not move by a significant ammount during the course of the measurement. Thus this type of measurement may be implemented on stationary containers, but is too problematic to perform dynamically. There are also difficulties associated with using water jet coupled ultrasonic techniques on rapidly moving targets. Where the container ends are irregularly shaped or domed (as in beverage cans), coupling the ultrasound in to the container is more problematical.
The ideal way to ultrasonically monitor a liquid level is to use non-contact techniques. On high speed production lines containers will pass a test point at rates of up to 20 per second, making any contact ultrasonic method difficult to implement. The technique described here uses a new concept in ultrasonic liquid level monitoring.
Consider the two paths (figure 3) that ultrasound waves may take in travelling through a can from one side to the other. One path travels directly through the can, perpendicular to the can wall. This is the shortest route that ultrasound can take through the contents and thus it is the first longitudinal signal that can be observed (see figure 4) . The other path is reflected from the liquid-air interface and arrives later than the direct signal as it has travelled a further distance. This is the second ultrasonic signal shown in figure 4 . Using the information of the time difference between these two ultrasonic signals, the liquid height above the generation/detection datum can be calculated if the ultrasonic velocity in the liquid is known. Waves can also propagate in the container wall, in the case of a metal can these will arrive earlier and can easily be gated out.
If the can diameter is known to a reasonable accuracy, the ultrasonic velocity can be calculated from the ultrasonic reverberations in the can. This means that the technique will measure the actual liquid level, independent of can contents or temperature. This is particularly valuable where products have been pasteurised as there may be a significant variations in temperature (and thus ultrasonic velocity) when the can is tested. Thus once the system has been initially calibrated, no further re-calibrations are required for change of contents.
Dynamically, this ultrasonic system is less prone to error due to liquid 'slop' within the can, as most of the ultrasonic waves are reflected from the centre of the can. but it is prone to error when there is severe vibration of the liquid surface, and when a carbonated liquid has been strongly agitated. The former effect causes the ultrasonic reflection from the liquid surface to be scattered which can result is a poor or complicated signal. The latter effect causes absorption of the ultrasonic waves in the liquid, which can be so strong in some cases that no ultrasonic signals are observed. This however only occurs in certain liquids under extreme and abnormal agitation.
EXPERIMENTAL SET-UP
Pulsed lasers can be used to generate longitudinal ultrasonic waves [1, 2, 3] in a container by focusing a laser onto the container surface forming a plasma. The plasma can be formed by vaporising the surface of the sample, such as a painted layer. One problem with this type of ultrasonic generation of longitudinal waves is that the surface of the sample may absorb significant amounts of the incident energy and be in some way damaged. This is the case for instance when a TEA CO2 laser [4, 5] is focused onto a painted metal surface, where the paint would be damaged or removed from the surface.
A technique has been developed that uses the impulse from a plasma as it impacts a sample to generate ultrasound without damaging the sample surface [6] . The method exploits the fact that the laser generated plasma is a hot expanding gas. If the plasma is generated on a 'dummy' target in front of or close to the experimental sample it can impact onto the experimental sample surface without exposing that surface to the laser beam. In one possible configuration the laser beam is focused onto the 'dummy' target in front of the sample, and the beam is thus totally blocked from the container. The plasma is however free to expand away from the point of impact on the 'dummy' target and may impact on the container at supersonic speeds. Thus only the plasma is incident on the surface where ultrasound is to be generated. This technique will predominantly generate broadband longitudinal ultrasonic waves.
Both the direct laser impact and the plasma source generate a divergent ultrasonic wavefront in the can. The geometry of the set-up 'selects' the two possible ultrasonic paths shown in figure 3 . When metallic containers are used, the ultrasound that has passed through the container may be detected using an electromagnetic acoustic transducer (EMAT) [7, 8] . The broadband EMATs used in this system detect 'out-of-plane motion' of the container wall, due to the arrival oflongitudinal waves at the wall. As the ultrasonic generation mechanism produces broadband ultrasound and the detector also has a broadband frequency response the ultrasonic signals are sharp features in the time domain. Measuring the time difference between temporally sharp features in the ultrasonic waveform means that the measurement will have good resolution and can be implemented without any complex signal processing.
RESULTS
The liquid height algorithm will of course work for any liquid at any temperature as shown in figure 5 . In these measurements water, sugar solution and a beer sample were measured by successively adding a fixed small volume of liquid to the can. The measured points closely correlate to the predicted liquid level, and in-fact some of the small divergence is due to the non-uniform can cross-section.
Temperature of the can contents can vary on production lines and as stated earlier this will affect the ultrasonic velocity. The exact form of this temperature dependant velocity will vary from product to product and can be non-linear. Thus it is clear that some self calibration would be required by an ultrasonic measurement system as monitoring temperature of can contents and setting a pre-defined 'product temperature-velocity dependence' would be highly impractical.
Typical values for the accuracy of the method are +/-O.lmm liquid level height statically (corresponding to +/-O.3ml volume). Some preliminary dynamic tests have also been performed on the system. The only practical way to try and gauge the accuracy of such a technique is to collect statistical data on a few known volume cans. In these tests two cans were repeatedly tested by 'running' them around a conveyor loop. Thus, the statistical spread in error under the particular conditions used could be calculated. can be seen there is a gaussian shape to the data, and the statistical spread does increase with conveyor speed. Note though that the average height at each speed is different, which is due to a number of factors.
The statistical spread in the dynamic data is due mainly to the variation in height of the conveyor slats combined with the variation in height of conveyor chassis. These factors account for approximately half of the statistical spread in the dynamic measurements. The rest of the statistical spread in any measurement is mainly due to vibration or tilting of the liquid level surface.
The average fill level may also change due to several factors. In carbonated liquids, the liquid forms a foam head on agitation, which reduces the amount of liquid and therefore the lowers the liquid level. Another factor associated with the agitation is an increase in can pressure, which increases can diameter and thus reduces liquid level. As cans pass around a closed loop of conveyor they also sustain slight damage. Over a long period of time (while data is collected), the cans become dented, which effectively increases the height of the liquid level. Thus if2 cans are measured as described here it would be expected that their average liquid height could slightly change in an unpredictable way, which explains the results obtained.
CONCLUSION
This paper has described a non-contact liquid level measurement system that has been successfully applied to beverage cans moving at speeds of up to Im/s, with a significantly greater accuracy than any competing technology. The laser generated plasma source has also been used to generate ultrasound without any damage to the container. There are other possible areas where this type of technology may be applied such as beverage can insert detection, food and non-food product monitoring. Work is currently under-way to find a suitable alternative transducer for examining non-metallic containers.
